To review more than a decade of experience with complete repair of tetralogy of Fallot (TOF) in neonates at the University of Michigan; to assess early and late survival, perioperative complications, and the incidence of reoperation; and to analyze patient, procedural, and morphologic risk factors to determine their effects on outcome.
Objective
To review more than a decade of experience with complete repair of tetralogy of Fallot (TOF) in neonates at the University of Michigan; to assess early and late survival, perioperative complications, and the incidence of reoperation; and to analyze patient, procedural, and morphologic risk factors to determine their effects on outcome.
Summary Background Data
Palliation of TOF with systemic-to-pulmonary artery shunts has been the accepted standard for symptomatic neonates and infants. Complete repair has traditionally been reserved for infants older than 6 months of age because of the perception that younger and smaller infants face an unacceptably high surgical risk.
Results
A retrospective review from August 1988 to November 1999 consisted of 61 consecutive symptomatic neonates with TOF who underwent complete repair. Thirty-one patients had TOF with pulmonary stenosis, 24 had TOF with pulmonary atresia, and 6 had TOF with nonconfluent pulmonary arteries. The mean age at repair was 16 Ϯ 13 days, and the mean weight was 3.2 Ϯ 0.7 kg. Before surgery, 36 patients were receiving an infusion of prostaglandin, 26 were mechanically ventilated, and 11 required inotropic support. Right ventricular outflow tract obstruction was managed with a transannular patch in 49 patients and a right ventricle-to-pulmonary artery conduit in 12. Cardiopulmonary bypass time averaged 71 Ϯ 26 minutes. Hypothermic circulatory arrest was used in 52 patients (mean 38 Ϯ 12 minutes). After cardiopulmonary bypass, the average intraoperative right/left ventricular pressure ratio was 55% Ϯ 13%. There were no new clinically apparent neurologic sequelae after repair. The postoperative intensive care unit stay was 9.1 Ϯ 8 days, with 6.8 Ϯ 7 days of mechanical ventilation. There was one hospital death from postoperative necrotizing enterocolitis on postoperative day 71 and four late deaths, only one of which was cardiac-related. Actuarial survival was 93% at 5 years. Follow-up was available for all 60 hospital survivors and averaged 62 months (range 1-141 months). Twenty-two patients required a total of 24 reoperations at an average interval of 26 months after repair. Indications for reoperation included right ventricular outflow tract obstruction (19) , branch pulmonary artery stenosis (11), severe pulmonary insufficiency (4), and residual ventricular septal defect (1). The 1-month, 1-year, and 5-year freedom from reoperation rates were 100%, 89%, and 58%, respectively.
Conclusions
Complete repair of TOF in the neonate is associated with excellent intermediate-term survival. Although the reoperation rate is significant, this is to be expected with the complex right ventricular outflow tract and pulmonary artery anatomy seen in symptomatic neonates and the need for conduit replacement in patients with TOF with pulmonary atresia.
The first complete description of tetralogy of Fallot (TOF) is credited to the French physician Etienne Fallot, who published his findings in 1888. 1 It was not until 1945, however, that the first surgical treatment for TOF was performed by Alfred Blalock at Johns Hopkins University. 2 Several innovative systemic-to-pulmonary shunt procedures were soon developed, 3, 4 followed by the first successful intracardiac repair using human cross-circulation by Lillehei and Varco at the University of Minnesota in 1954. 5 The first successful repair using a pump oxygenator was performed by Kirklin at the Mayo Clinic 1 year later. 6 Numerous contributions have been made in the management of this defect since these initial pioneering efforts, including onestage versus two-stage repair, transannular patching, conduit insertion, and transatrial repair, to name a few. In the past decade, the interest in earlier repair has increased. This interest, however, has been tempered by dated perceptions regarding the risk of this approach in neonates, including the effects of cardiopulmonary bypass, right ventriculotomy, and pulmonary insufficiency. As the surgical risk for many congenital anomalies has been reduced with improved intraoperative and postoperative care, it is becoming apparent that there are many benefits associated with early repair versus palliation. These benefits include promotion of normal growth and development of organs, elimination of hypoxemia, the ability to minimize or avoid right ventricular muscle excision, and decreased late dysrhythmias.
The initial presentation of the patient with TOF depends on the degree of right ventricular outflow tract (RVOT) obstruction. Most commonly, cyanosis is mild at birth and gradually progresses with age as the obstruction increases as a result of increasing hypertrophy of the right ventricular infundibulum. A few patients, however, have significant cyanosis at or shortly after birth. In this group, the RVOT obstruction is nearly always due to a hypoplastic pulmonary valve annulus with or without severe right ventricular infundibular obstruction or hypoplasia. Cyanosis is constant in these patients because of the fixed nature of the obstruction to pulmonary blood flow. Patients with atresia of the pulmonary valve and main pulmonary trunk are dependent on a patent ductus arteriosus or systemic aortopulmonary collateral arteries for pulmonary blood flow.
The purpose of this review is to evaluate our policy of complete repair in this select population of symptomatic neonates. Early and late survival, perioperative complications, and the incidence of reoperation were assessed. Patient, procedural, and morphologic risk factors were analyzed to determine their effects on outcome.
METHODS

Patient Population
The medical records of 61 consecutive neonates who underwent complete repair for TOF at C.S. Mott Children's Hospital, University of Michigan Health System, from August 1988 to November 1999 were reviewed. This current review expands and extends an earlier study from our institution and includes the patients reported in that paper. 7 Informed consent was obtained for participation in the study. The scientific merit and ethical standards of the study were reviewed and approved by the University of Michigan Institutional Review Board.
Thirty-one patients had TOF with pulmonary stenosis (TOF/PS), 24 had TOF with pulmonary atresia (TOF/PA), and 6 had TOF with nonconfluent pulmonary arteries. All patients had either duct-dependent pulmonary blood flow or unacceptable levels of systemic arterial hypoxemia requiring surgical intervention. Patients with multiple aortopulmonary collateral arteries or associated complete atrioventricular septal defects were excluded from the study.
During the period of this review, eight neonates underwent initial palliation rather than primary repair (two with TOF/PS, six with TOF/PA). Four had significant physiologic compromise before the initial operation that made definitive repair unsafe. Two of these patients had intraabdominal catastrophes requiring exploratory laparotomy with enteric diversion. Another had suffered two cardiac arrests after cardiac catheterization with hemodynamic instability, and one was small for gestational age (2.3 kg). Additional reasons for initial palliation rather than repair included complex pulmonary artery anatomy with widely divergent nonconfluent pulmonary arteries (1), anomalous left coronary artery in an unstable patient (1), and individual surgeon preference early in our experience (2).
Surgical Techniques
All patients underwent repair using hypothermic cardiopulmonary bypass with or without intermittent periods of circulatory arrest. A single dose of cold blood cardioplegia (20 mL/kg) was administered at the time of aortic crossclamping and was repeated if the aortic cross-clamp time exceeded approximately 30 minutes. Right ventricular infundibular obstruction was relieved by division of parietal and septal extensions of the infundibular septum without muscle excision (Fig. 1 ). The ventricular septal defect was closed using a transventricular (n ϭ 23) or transatrial (n ϭ 38) approach, as deemed most appropriate by the surgeon. In general, the transventricular approach was used in patients requiring ventriculotomy for conduit placement, and a transatrial approach was used when a limited transannular outflow patch was inserted. If present, a patent foramen ovale was left open. In the 31 patients with TOF/PS, the obstruction at the level of the pulmonary annulus was relieved with a transannular patch in 29 and a right ventricleto-pulmonary artery (RV-PA) conduit in two. In the 24 patients with TOF/PA, the obstruction was relieved with a transannular patch in 15 and an RV-PA conduit in nine. In this group, a transannular patch was selected where there was continuity between the main pulmonary trunk and the right ventricle, and conduits were placed only when the main pulmonary trunk was atretic. In the six patients with TOF with nonconfluent pulmonary arteries, the obstruction at the level of the pulmonary annulus was relieved with a transannular patch in five and an RV-PA conduit in one. The nonconfluent pulmonary artery was divided from its systemic arterial origin and anastomosed primarily to the contralateral vessel. 8 Right and left ven-
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Follow-Up
Before hospital discharge, all patients underwent a standard 12-lead electrocardiogram, a chest x-ray, and a transthoracic echocardiogram with Doppler examination of the heart and great vessels. Follow-up data regarding survival and reoperation were obtained from the inpatient medical record, direct family contact, and correspondence with the referring cardiologist.
Statistical Analysis
The medical record of each patient was reviewed to determine the morphologic, clinical, procedural, and follow-up data. Standard methods were used to obtain the mean, median, and standard error for continuous values as indicated. Group data are presented as the mean plus or minus standard deviation of the mean, and proportional data are presented with their 95% confidence limits. Multiple regression analysis was performed to establish whether correlation existed between groups and events. Actuarial survival and reoperation rates were derived by the methods of Kaplan and Meier.
RESULTS
Preoperative Data
There were 41 boys and 20 girls. The average age at the time of repair was 16 Ϯ 13 days (range 0 -43 days). The mean weight at the time of repair was 3.2 Ϯ 0.7 kg, with a mean body surface area of 0.21 Ϯ 0.03 m 2 . Twenty-six patients required preoperative mechanical ventilation. Thirty-six patients were receiving an infusion of prostaglandin at some time before repair. Eleven patients required inotropic support before repair. The average systemic arterial oxygen saturation on room air was 83% Ϯ 8%. The diameter of the right pulmonary artery averaged 4.2 Ϯ 0.8 mm, and that of the left pulmonary artery averaged 4.0 Ϯ 0.9 mm. The mean Nakata index was 131 Ϯ 34 mm/m 2 , and the mean McGoon ratio was 1.3 Ϯ 0.2 (Table 1 ). There were no differences between morphologic subgroups.
Surgical Data
Cardiopulmonary bypass time averaged 71 Ϯ 26 minutes, with an aortic cross-clamp time of 45 Ϯ 15 minutes. Hypothermic circulatory arrest was used in 52 patients (mean 38 Ϯ 12 minutes). The average right/left ventricular pressure ratio at the completion of repair was 0.55 (range 0.3-0.88). Forty-nine patients underwent repair with a transannular patch and 12 with an RV-PA conduit. There were no intraoperative deaths. Delayed sternal closure was used in 10 patients.
Postoperative Data
There was one hospital death, yielding a hospital survival rate of 98.4% (95.2-100%). This patient, who also had Noonan syndrome, underwent repair on day of life 19. His postoperative course was notable for the development of necrotizing enterocolitis with subsequent multiple organ system failure, of which he ultimately died 2 months after his initial cardiac repair. One other neonate had necrotizing enterocolitis and acute renal failure after surgery and recovered completely. Other postoperative complications included supraventricular tachycardia (1), diaphragmatic paralysis requir- ing plication (1), chylothorax requiring thoracic duct ligation (1), respiratory failure requiring tracheostomy in association with CHARGE syndrome (1), and pyloric stenosis requiring pyloromyotomy (1) .
The total postoperative hospital stay averaged 19 days (range 6 -200 days). Although not significant, there was a trend toward a decreased hospital stay. During the first 5 years of this review, the average postoperative hospital stay was 23 days; during the later 5 years, it averaged 16 days. The postoperative intensive care unit stay was 9.1 Ϯ 8.3 days (n ϭ 37), with mechanical ventilation for 6.8 Ϯ 7 days (n ϭ 39).
Discharge transthoracic Doppler echocardiography demonstrated a hemodynamically significant residual ventricular septal defect in 1 patient, residual left pulmonary artery stenosis in 11, and an average peak instantaneous pressure gradient across the RVOT of 13.1 Ϯ 21.2 mmHg. No patient had complete heart block or more than mild tricuspid regurgitation.
Follow-Up Data
Follow-up data were available for all 60 patients who survived to hospital discharge. Follow-up ranged from 1 to 141 months, with an average of 62 months. There were four late deaths. One patient with severe cerebral palsy and developmental delay died of pneumonia 6 years after repair. Two patients died suddenly at home 2 months after repair. Autopsy findings for both of these patients were consistent with sudden infant death syndrome. The final patient had a ventricular fibrillatory arrest complicated by severe anoxic brain injury after conduit replacement at age 21 months. Three deaths occurred in patients with TOF/PA and one in a patient with TOF/PS. Two patients were repaired with RV-PA conduits and two were repaired with a transannular patch. The actuarial survival rate was 93% at 5 years (Fig. 2) .
A total of 22 patients required reoperation. Two of these patients required 2 reoperations each, thus yielding a total of 24 reoperations ( Table 2 ). The most common indication for reoperation was recurrent RVOT obstruction (n ϭ 19). Eleven patients with prior transannular patches underwent placement of an RV-PA conduit. Five patients with prior RV-PA conduits had outgrown their original conduit and required replacement. Three patients underwent additional muscle division or excision from the RVOT. Three patients with prior transannular patches and severe pulmonary insufficiency underwent insertion of a pulmonary valve. Of the patients undergoing reoperation for RVOT obstruction, 10 also had concomitant augmentation of the left pulmonary artery. Only one patient required reoperation solely for bilateral pulmonary artery stenoses. Concomitant closure of four patent foramen ovales and one residual ventricular septal defect was performed. One patient requiring two reoperations underwent the procedures 2 years and 9 years after the initial repair. Both operations were for RV-PA conduit change for recurrent stenosis. The other patient requiring reoperation twice underwent RVOT muscle resection and left pulmonary artery augmentation 2 years after repair, followed by pulmonary valve placement 10 years after the initial repair for severe pulmonary insufficiency. The time to reoperation ranged from 3 to 85 months (average 26 months). The 1-month, 1-year, and 5-year freedom from reoperation rates were 100%, 89%, and 58%, respectively ( Fig. 3) . Although not significant, patients with TOF/PS had a slightly higher freedom from reoperation rate at 5 years compared with patients with TOF/PA (61% vs. 55%).
DISCUSSION
Although TOF was described more than 100 years ago, the past two decades have demonstrated an improved understanding of the varied features of this defect and their sequelae after repair. In particular, an appreciation of the consequences of longstanding RVOT obstruction has led to an increased interest in earlier complete repair. In one study, Seliem et al 9 examined the effect of early relief of RVOT obstruction on right ventricular morphology in relation to the age at the time of repair. Among their patients who underwent repair before 6 months of age, both absolute right ventricular wall thickness and the wall thickness-to-transverse dimension ratio decreased significantly after repair. In contrast, patients who underwent repair after 6 months of age showed no significant change in these findings. Early resolution of right ventricular hypertrophy and fibrosis are believed to be important in decreasing the incidence of late right ventricular dysfunction and ventricular arrhythmias.
Despite the physiologic rationale and clinical evidence that early repair may avert some of the long-term complications associated with longstanding right ventricular hypertrophy, concern has remained regarding the safety of primary repair in the neonate. Of particular concern is the need for a transannular patch, which was formerly considered a contraindication to complete repair in young infants. This risk factor has now been neutralized. 7,10 -12 Additional concern regarding the use of cardiopulmonary bypass in infants has also been refuted. In a study comparing the complication rate from cardiopulmonary bypass used during repair compared with palliative procedures in neonates undergoing a variety of congenital heart procedures, it was found that bypass was not an independent determinant of survival. 13 Effective repair combined with proper diagnostic techniques and postoperative management was cited as a critical determinant of survival.
Results of repair of TOF in the neonate have improved dramatically during the past decade. A review of TOF repair from 1973 to 1988 demonstrated a hospital mortality of 18.5%. 14 A 26-year retrospective review revealed a decrease in the mortality of primary repair in all age groups from 11.1% before 1990 to 2.1% after 1990. 15 Two additional series reported a similar mortality of 3% for repair in both infants and neonates. 16, 17 The mortality in our series of repair involving only neonates (younger than 30 days of age) demonstrates a highly comparable hospital mortality of 1.6%. Although we reported in a prior review that the placement of a valved homograft conduit was an independent risk factor for perioperative death, 7 this risk has not been supported in this larger series. Focused analysis of this youngest age group with the most severe RVOT obstruction demonstrates results equivalent to those previously published, which often include older patients, and reinforces the safety of early repair. The operative mortality is not increased, and the benefits of early physiologic repair as previously defined can be maximized.
Although the risk of perioperative death in this age group is low, concern remains regarding the need for reoperation. In our series, among those requiring reoperation, most exhibited recurrent/residual RVOT obstruction. Within this group, 53% had concomitant left pulmonary artery stenoses requiring augmentation. These patients were included in our previous review of neonatal repair for TOF, in which we found that the most common indication for reoperation was correction of left pulmonary artery stenosis. 7 As discussed in that review, close attention to the ductus insertion site with patch augmentation of the proximal left pulmonary artery is important to reduce recurrent stenosis. In fact, since the aggressive attention to the ductus insertion site, we have noted a reduction in recurrent left pulmonary artery stenosis requiring surgical intervention. The right/left ventricular pressure ratio remains a valuable indicator of reoperative risk. An intraoperative ratio greater than 0.7 was an independent risk factor for reoperation (P Ͻ .02).
In this series, 42% of patients initially repaired with RV-PA conduits required conduit replacement. This rate is comparable to the findings of other studies, in which repair of infants (first 3 months of life) with TOF was associated with a 47% conduit replacement rate. 18 Obviously, freedom from reoperation in a series of symptomatic neonates, all of whom had either pulmonary atresia or severe hypoplasia of the pulmonary valve annulus, must be viewed in its proper context. Older patients, even those undergoing elective repair in early infancy, have more favorable RVOT anatomy. No series of routine elective repair in asymptomatic neonates has been reported. Although the reoperation rate is considerable in this series, the complication and death rates from reoperation were low. Given the complexity of the anatomy involved in neonates who are symptomatic secondary to severe RVOT obstruction, as well as the use of prosthetic material with limited growth potential, it is not surprising that reoperation rates are significant. Further reduction in the reoperation rate is limited by the morphology of the disease.
In conclusion, this retrospective review of complete repair of TOF in the neonate is the largest documented singlecenter experience. The time interval reviewed represents an era of increased interest in early repair for many forms of complex congenital heart disease. The objective of this review was to confirm the safety of a policy of primary repair in neonates and to evaluate potential risk factors associated with adverse outcomes. The low hospital and late mortality reinforce our belief that neonatal repair is a reasonable option without prohibitive risk. In addition, the financial environment of medicine encourages maximization of cost to patient benefit. An analysis of the associated hospital cost for one-stage versus two-stage repair for TOF demonstrated a significant reduction in total hospital cost and total hospital stay when primary repair was performed. 19 These data provide a benchmark for comparison with protocols of early palliation followed by later repair in a challenging group of symptomatic neonates with complex TOF.
